of spray-dried granules have been characterized in compression by repeatedly ap plying and stopping stress. In order to shorten the experimental time and obtain optimal conditions for relia bly evaluating the relaxation behavior, we discussed the influence of compression rate, compression number, relaxation time and initial height of the granule bed, respectively. It was found that the stress relaxation of granules increased with increasing compression rate. It was also demonstrated that the stress relaxation was almost independent of the initial height of the granule bed. Furthermore on the one time compression and stress relaxation test, the results were found to be in good agreement with those obtained from the mul tiple compression and stress relaxation test. These results show that the experimental time can be shortened from a few hours to about ten minutes.
Introduction
In the press forming process of ceramics, it is important to accurately characterize the mechanical properties of spray-dried granules. In many researches on the characteri zation of granules, the mechanical properties were often evaluated by applying the conventional compression test,1)-3) in which the packing density of granule bed was measured as a function of applied pressure, or the single granule compression test,4),5) in which the strength of a granule was measured. These methods give us information only on the density of green body, but not on the homogenei ty of green body.
In pharmaceutical science, the static compression behav iors and the tablettabilities of the agglomerated crystals and the original crystals were investigated and compared by measuring the stress relaxation.6) In this report it was found that the relaxation pressure of the agglomerated crystals was higher than that of the original crystals. It was also shown that the tensile strength of the tablet of agglomerated crystals was greater than that of the original crystals. However several kinds of agglomerated powders were not compared, therefor it is not clear the difference of the break ing and/or deforming behavior of agglomerated powders and how to prepare the optimum agglomerated powders for the press forming. Furthermore the effect of the experimen tal conditions on the stress relaxation behavior has not been discussed sufficiently. In food science, compression and stress relaxation tests have been used for the textual evalua tion of various fruits and other food commodities.7) However there is no report to adapt a compression and stress relaxation test for characterization of ceramics gram ules.
In our previous works8)-10) a new evaluation technique has been developed for characterizing compaction behavior of spray-dried granules, using the compression and stress relaxation test. In previous reports we discussed the differ ence of the breaking and/or deforming behavior between binder contained granules and binder less granules. It was shown that the relaxation ratio (the ratio of the relaxation pressure to the applied pressure) of binder contained gram ules was higher than that of binder less granules. This result ). The granules were compressed 0.15mm in depth and then relaxed for 15min in each step. This compression and relax ation procedure was repeated until the final compression pressure of 90MPa. The compression rate was controlled at 0.04, 0.14 and 1.2mm/min in order to evaluate the depen dency of the compression rate on the stress relaxation. Single compression and stress relaxation test In order to shorten the experimental time the compres sion number was reduced to one time. The granules were compressed until the applied pressure of 1MPa at compres sion rate of 1.2mm/min, and then the piston was stopped. The relaxation pressure was measured as a function of the time after compression halting. Sample granules and pack ing procedure of granules were same as the multiple com pression and stress relaxation test (2.2.1). Furthermore the single compression and stress relaxation test was done while the initial height of granules bed was controlled at 2, 4 and 7mm.
3. Results and discussion 3.1 Dependency of the compression rate Figure 1 shows the schematic illustration of a compres sion and stress relaxation curve typically observed at each step. This stress relaxation behavior can be divided into three parts: the pressure which dropped suddenly after com pression halting (termed plastic relaxation), the pressure which gradually decreased (viscous relaxation), and the residual pressure after the relaxation process (elastic residue). The plastic relaxation is ascribed to the release of the elastic energy at granules' contacting points, caused by granule fracture. The viscous relaxation is ascribed to the release of the elastic energy at granules' contacting points, caused by granule deformation or microscopic granule rear rangement. The elastic residue is mainly attributed to the elastic energy at granules' contacting points.8) Since the rate of plastic relaxation is low to be clearly distinguished, the plastic relaxation is included in the viscous relaxation and represented as a relaxation, Pp-Pe. The relaxation Pp -P e is divided by the applied pressure Pp and represented as a relaxation ratio, (Pp-Pe)/Pp. The transient behavior of stress relaxation is shown in Fig. 2 (a) , where the relaxation ratio, (Pp-Pe)/Pp is plotted as a function of packing fraction. Fig. 2 (b) shows the relax ation ratio at packing fraction of 0.33. For both G3 and 16, the value of the relaxation ratio increase with an increase in the compression rate. In order to discuss the dependency of compression rate on the relaxation ratio qualitatively, we in troduce a simple Theological model where the elastic defor mation at granules' contacting points is represented by spr ings and the granules' microscopic rearrangement and deformation by dashpots. The Maxwell model in which a Journal of the Ceramic Society of Japan 110 [3] 2002 157 spring and a dashpot are connected in series can't express the elastic residue, therefore we applied the three elements model shown in Fig. 3 .
In this model, the reaction pressure of the dashpot increases with increasing compression rate. This reduces the strain of the dashpot and increases the strain of the spring k2. As the compression rate increases, the elastic energy stored by the spring k2 increases during compression, and the amount of the stress relaxation stem ming from the dashpot increases. (Fig. 2) . It is also shown that the relaxation time can be shorten to about one minute in order to evaluate the relaxation ratio. Experimental results for the single compression and stress relaxation test. Figure 7 (a) shows the change of the relaxation ratio measured under three kinds of initial height, 2, 4 and 7mm. In Fig. 7 (b) the values of the relaxation ratio at 8 min after piston halting are compared. For both G3 and G16, the 4. Conclusions Two kinds of spray-dried granules were subjected to the multiple compression and stress relaxation test and the sin gle compression and stress relaxation test. The compression rate and the initial height of the granule bed were controlled and compared the relaxation ratio. From the above experi ments, the followings are concluded.
Influence of the initial height
(1) The relaxation ratio increases with an increase in the compression rate. It is shown that the difference in the value of the relaxation ratio should appear clearly when the compression rate is higher.
(2) The relaxation ratio obtained from the single coma pression and stress relaxation test is a good agreement with those obtained from the multiple compression and stress relaxation test. This result can shorten the total experimen tal time from a few hours to about ten minutes.
(3) The relaxation ratio is almost independent of the ini tial height of the granule bed.
